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This interim report reviews the progress at the Naval Weapons Engine-
ering Support Activity in development of a mechanical reliability design
guide. Design evaluation techniques under consideration are included, with

emphasis on the preparation of a Failure Mode and Effects Analysis (FMEA)

Military Standard. Existing FMEA procedures are examined and a FMEA

standard procedure is recommended as a basis for developing improved re-

liability design evaluation techniques.

'( e Whits Section

; 58 Wit suts O
§ W R0eeE o
DA A2 8 Ko

l

é uS ':‘.‘LH JR/RV3ILABILITY 000ES

& AVAIL ad, v SPECIAL _

DN

S rene e ———




RIS

3
¥
-
3
¥
&
&

¥
&
k3

TABLE OF CONTENTS

INTRODUCTION

RELIABILITY PREDICTION

FAILURE MODE AND EFFECTS ANALYSIS (FMEA)
FMEA PROCEDURAL CONSIDERATIONS

Appendi x

"Application of Dimensional Analysis to the Prediction of
Mechanical Reliability"-Louisiana Tech University




SO LR A L adede L BB T o L

E o

1. Introduction : -

NAVWESA (ESA-11) has been tasked by NAVAIR (Air-340C) under Air Task
A3400000/1848/4F53-532-403 to analyze mechanical reliability prediction
techniques and to develop design evaluation procedures for advanced-
development stage non-electronic equipment. The ultimate objective of this
research is publication of a mechanical reliability design guidé which will
assist mechanical equipment designers in evaluating and verifying equip-
ment reliability on the drawing board.

To establish a basis for this development, ESA-116 initiated a com-
parative analysis of mechanicdﬁ reliability determination techniques in

_FY76 to identify present design evaluation capabilities. Investigations

were conducted in the following areas:
a. Reliability estimating and prediction techniques
(1) Accelerated testing :
(2) Functional Reliability Evaluation Techniques (FRET)
(3) Electric circuit analogy «
(4) Summation of failure rates
(5) Physics of failure
(6) Regression analysis
b. Failure Mode and Effects Analysis. (FMEA)
¢. Equipment standardization approach for problem identification
d. Mechanical system modeling
e. Test/validation methods

The FMEA surfaced as the most effective design evaluation technique
for early identification of design problems and the most promising base
from which to develop further design evaluation techniques. In Section 3,
the value of the FMEA as a design evaluation tool is addressed. The major
benefit of performing on FMEA early in the equipment design process is to
provide an accurate means of predicting design-related failures to allow
Tow-cost design modification and establish a realistic developmental test
program. '
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2. Reliability Prediction

The key to achieving cost effective mechanical system reliability is
found in advanced development where, because of the early point in time of

the life cycle, engineering changes can be controlled and can be incorporated

relatively inexpensively. s
One of the tools used by reliability engineers in evaluating design
is mathematical modeling of proposed systems based on summation of pre-
dictable component failure rates. Quantitative estimates of reliability
permit the comparison of alternate designs, the effects of design changes

on equipment reliability, and the evaluation of equipment reliability in

‘relation to its system allocation. Reliability estimation is fairly ac-

curate for electronic equipment because confidence levels for electronic.
component failure rates published in MIl.-HDBK-217B are relatively high.

For mechanical components, prediction of reliability is much more in-
volved because component failure rates are dependent to a large degrée up-
on the design configuration, equipment age, operational environment and
application. Mechanical parts are usually not standardized because of the
need for special designs that often perform more than one function. There-
fore, developing valid part failure rates for mechanical components is an
extremely difficult task. Those failure rates for mechanical equipment
which have been published are usually based upon the exponential distribu-
tion and assume a constant failure rate. Their value for design evaluation
purposes is questionable.

Meaningful failure rates for mechanical components will not be avail-
able unless components are more standardized, failure modes and failure
causes more throughly defined, and a data base established. There is little
doubt about the feasibility of accurately evaluating re]iability of non-

electronic systems, but a valid data base does not yet exist. Therefore, cur-

rent efforts for improvement and documentation of non-electronic reliability
evaluation techniques are not based on summation of component failure rates
but ‘are intended to assist the designer in design evaluation and correction
of potential reliability problems very carly in the development phase.
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‘- ) 3 Failure Mode and Effects Analysis

In the advanced development stage, a thorough’ FMEA provides valuable
assistance for the design team. Its results identify potential problems,
further testing requirements, and required design modifications. The FMEA
may evaluate a system, subsystem or component, and the interrelationships
of elements to determine the effects of potential failures on the system
and the consequences of the failure modes on equipment performance.

The value of the FMEA as a design evaluation tool lies in its potential
to:

a. Simplify a design

b. Improve materials selection

c. ldentify potential hazards

d Identify test program requirements
e

Identify critical items for des1gn review, inspection
and process control

f. Pinpoint unreliable areas for logistics consideration

FMEA procedures have been prepared by various agencies and industrial
groups and each one guides the user through an evaluation of a design with
different requirements. In order to locate the most appropriate procedure
or combination thereof, the Naval Weapons Engineering Support Activity re-
viewed the existing FMEA bulletins, standards and advisory procedures. Re-
sults of the investigation provided a better understanding of the guidance
and doctrine within private industry and the Department of Defense. The
following procedures were selected as germane.

a.  SAE Aerospace Recommended Practice, ARP 926, of 15 SEP 1967. "“De-
sign Analysis Procedure for Failure Mode, Effects and Criticality Analysis
(FMECA)". Society of Automotive Engineers, Inc., 485 Lexington Ave., New
York, N.Y. 10017. ;

b. Military Standard, MIL-STD-1629 (SHIPS), of 1 NOV 1974. "Procedure
for Performing a Failure Mode and Effect Analysis for Shipboard Equipment."

ST et A s Lhadea ait b by



(’-\\ Commander, Naval Ship Engineering Center (COMNAVSEC), Department of the Navy,

Center Bldg, Prince George's Center, Hyattsville, MD 20782,

c. EIA Reliability Bulletin No. 9 of NOV 1971. "Failure Mode and Ef-
“fect Analyses". Electronic Industries Association, G-41 Committee on Re-
liability, Engineering Department 2001 Eye St., N.W., Washington, D.C. 20006.

d. NASA FMEA Document No. AHB 5326-1 of MAR 1973. AMES Research Center-
National Aeronautics and Space Administration, Moffett Field, CA 94035.

e. NAVAIR Preliminary Drafts, FMECA MIL-STD or Specification. Sourced
from AIR-340C (OCT 1976), AIR-5205 (AUG 1976) and NWESA-1183 (OCT 1976).

A review of the above references suggests a need to maintain currency

and to standardize FMEA procedures for intra-DOD agencies and for Defense

Department contractor use. ARP 926 is now under revision and NASA is origi-

nating a new FMEA procedure.

In Section 4 of this report, it is emphasized that there are now in wide

use at least two different basic procedural approaches to the FMEA. For ex-
: ample MIL-STD-1629 uses a "Top-down" methodology in its deductive analysis

of shipboard equipment design, whereas ARP 926 prescribes an inductive anal-
"'.\ ysis," from the "Bottom-up". A third approach combines the desirable aspects

il bt

of the first two. "Criticality Analysis"”, fd} instance, is approached in
depth in ARP 926, but with little emphasis in the forthcoming NASA document.
It is due to the above lack of industry-wide standardization that authority
! has been requested of the Defense Material Specifications and Standards Of-
fice to generate a military-wide FMEA standard procedure publication. Ef-

f?f; forts will be coordinated with all appropriate sources in order to generate
e an effective FMEA Military Standard.

» |

{;‘:; 4. FMEA Procedural Considerations

Preparing a standard FMEA.document requires that each element of the
procedure. be coordinated with inlerested activilies Lo cnsure compleleness
and compatability. The procedural steps requiring examination and defini-
tion include:

a. Define the syétem and its requirements

b. Establish a reliability model




(:f\\ c. Establish the assumptions and rules for performing the analysis
d. Identify failure modes and their effects
e. Identify failure detection and isolation methods
f. Evaluate criticality of the failure modes
g. Document the analysis

FMEA methodologies from various activities form a collective basis for
a universal military procedure. The following paragraphs describe these
procedural steps and their variations.
a. Define the system and its requirements
The first step in performing an FMEA is defining the system being
analyzed. A complete definition of the product or system includes its use,
performance expected, system restraints and failure definitions. Defining
the system and its requirements is accomplished by breaking the system down
into its major functional blocks and describing the function of each block
and the interfaces between the blocks.
! Any system is designed for one or more operational modes and may be
-f’-\ active during various times of the day or phases of a mission. Defining

, ' the system and its requirements consists of furctional narratives of the
: system's operation for each operational mode or mission phase. It also

i includes statements of primary and secondary objectives.

2 The amount of detail for this step will vary to a considerable ex-

A tent with system complexity, the number of indenture levelsl/ wi thin the
system and the uniqueness of the system function performed. The narra-
tive should contain as a minimum:

3 3 (1) System and element description of operation in each
e operationai mode or phase.

(2) Expected mission Limes and equipment utilization.

(3) Operational and cnvironmental stresses the system is
expected to encounter as well as stress limits.

(4) Functions and outputs of cach element including the per-
formance parameters and allowable limits for each specified
output.

(5) Conditions which constitute system and element failure.

<' ) 1/"Indenture Tevel" in an FMEA refers to é group of components within a
system which have the same level of relative complexity.
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A proper definition is important in order to establish a meaningful
purpose for conducting the FMEA. This step is particularily valuable dur-
ing exploratory and advanced development since it enhances a thorough un-
derstanding of the system and its anticipated environment prior to begin-
ning the actual analysis. Existing FMEA procedures exhibit some weakness
in the requirements for this step of the procedure and could be strengthened
by incorporating some minimum requirements similar to those mentioned above.

b. Establish reliability model '

This step graphically displays the system elements to be analyzed;
the series and redundant relationships among the elements; and functional

interdependencies between the system components so that the effects of a
functional failure can be tracked through the.system. The model provides

for analyzing the loss effects of any output and the failure relationships
among the system elements. A reliability block diagram must be prepared for
each alternative mode of operation. While each of the FMEA procedures speci-
fies a reliability model, obtaining desired results can be a problem and
specific details of generating a reliability model are needed in the FMEA
procedure. The reliability block diagram should contain as a minimm:

(1) A breakdown of the system or subsystem into its major blocks
including functional relationships.

(2) A11 inputs and outputs of each block and the inputs and out-
puts of the system clearly labeled.

(3) System redundancies or other design means for preventing com-
ponent malfunctions from affecting overall system performance.

(4) Separate logic diagrams as required for each operational phase
or mode.

c. Establish assumptions and rules for performing the FMEA

Depending upon the type equipment, its complexity, utilization, or
progress in development, several different approaches are recommended by users
of FMEA procedures. The basic concept of .each of the approaches nevertheless
remains the same: To determine what items in an equipment can fail, the
modes of failure that are possible for each of these items, and the effect
of each mode of failure on the complete equipment or lower indenture level.

|
|




( Two primary approaches to analysis methodology exist within the basic

concept of an FMEA: "Top-down" (sometimes referred to as "System Technique")
and "Bottom-up" (because it starts at the "Parts level”).

(1) The Top-down approach proceeds from the top indenture level (total
system or equipment) to successively lower levels. The Top-down analysis
usually identifies non-desirable system functions as in a Fault-tree anal-
ysis, and the equipment is analyzed at the next lower indenture level to
identify any failure and associated failure mode which could result in the
originally identified failure effect. For each of these second-level failures
the process is repeated by tracing back through the functional paths and re-

“lationships to the next lower level. This process is repeated until the de-
sired end level is reached. The Top-down approach is generally preferred
when detailed definitions are not yet available during conceptual phases of
design or when the system complexity is such that it is easier to list sys-
tem malfunctions as a starting point rather than listing components. The
Top-down method of analysis is event oriented and can easily include ex-
ternal influences in the analysis such as the environment and human error.
Thus it is a good technique for evaluating multiple failures.

(2) The parts-level approach is a Bottom-up technique identifying fail-
ure modes at the part level, and for each of the part failure modes the cor-
responding effect on performance at the next higher indenture level is de-
termined. The resulting failure effect becomes the failure mode at the next
higher indenture level, and the failure effects of each failure mode are
analyzed at this level. Successive iterations result in the eventual iden-

tification of the failure effects at all functional levels up to the system
or highest level. Parts level-up analysis is a hardware oriented, more
rigorous technique for identifying all single failures. Many difrerent fail
ure modes will relate to cach ultimate end failure cffect and this rclation-
ship permits the grouping of various part failure modes. T[he parls-level
approach is favored when all the components can be identified and the equip-
ment is not so complex that the analysis becomes cunbersome.

ARP 926 commences the FMEA from the bottom-up. MIL-STD-1629 prescribes
a Top-down analysis. Electronic Industries Association (EIA) Bulletin No. 9,

TS ORI B |
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‘. on the other hand, encourages either approach be used, dependent upon the
circumstances of the analysis. For abbreviated reference; the following com-
parison emphasizes the contrast in the two techniques: ,

"Top-Down"
Event oriented. Identifies higher level events or events subsequent
to failure.
Certain failure effects are easily analyzed.
Failures with no effects ‘are not considered.
Optimum technique for multiple failures.
Considers external influences such as human error.
Deductive in nature. ' :

"Bottom-Up"

Rigorous technique for identifying all single failures (component
failure modes).

Hardware oriented. Identifies functional failures of components, sub-
systems or systems. :

Inductive in nature.

Neither approach can be considered the most appropriate technique to
be used. The Top-down approach is much easier to manipulate than a parts
level analysis, but there is a certain probability that failure modes of
individual components can be overlooked, thereby raising serious questions
as to the value of the analysis. The FMEA procedures in existence provide
one or the other analytical techniques but individual equipment types and
situations dictate which approach should be used. In some applications a
combination of the two approaches or a modification to one of the approaches
should be considered. The FMEA procedure should present guidelines for de-
ciding on a Top-down or Parts level-up approach.

o In addition to determining which analytical technique should be used,
other ground rules must be established prior to performing the actual FMEA:

(1) The indenture level at which the analysis should begin and
at which level it should end.




(2) The environmental and operational stress limits to be
considered in the ana)ysis.

(3) The worksheet format and the coding system to be used
which will permit the tracking of failure modes and causes
throughout the analysis.

(4) A definition of failure for system hardware or software
elements.
Identify Failure Modes and Their Effects
The procedures for identifying failure modes and related failure
effects can be effectively employed only after adequate preliminary pre-
paration has been conducted.

For each system component each potential failure mode and its effect
on the system is analyzed. Where system definition has not reached down to
the piece part level, the system component will be an assembly. Where
system hardware definition has not reached the stage of identifying system
" functions with specific hardware that will perform these functions, the
FMEA should be based upon failure of the system functions. In this case,
the general type of hardware envisioned to be the basis for system design
must be stated. Whatever the indenture level. being considered, the failure

modes for the particular system component are listed. Four modes of com-
ponent-or functional failure typically considered include:
(1) Premature operation

(2) Failure to operate at a prescribed time
(3) Failure to cease operation at a prescribed time
(4) Failure during equipment operation
Other failure modes must be considered dependent upon the particular
component involved, the system application, mission time and the anticipated
environment.
The FMEA assumes “that only the failure under consideration has occured.
When safety or back-up devices exist this assumption should be broadencd
to }nclude the failure conditions which resulted in the need for the back-up
function.
Where the procedure is initiated as a bottom-up technique, the failure
effects in the direct functional chain to higher levels are determined. It
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is also important to identify what happens to related elements in the same
functional level and the interactions that could result at lower level with-
in any of these related elements. Similarly where the ‘initial procedure is
Top-down, it is important to consider all of the higher level effects that
could result from lower level failure modes initially identified with a
particular higher level failure effect. This is especially pertinent where
an intermediate function feeds or couples directly to more than one higher
level function. 7 '

In some of the top-down FMEA's reviewed, several of the undersirable
system level events were tracked down to an intermediate indenture level
in such a way as to leave voids in continuity. In completed analyses that
utilized a parts level-up approach, many of the component .fai lure modes
were not considered.

The FMEA procedure needs to provide guidance for identifying the in-
denture levels at which the analysis should start and stop. Also, a list
of standard failure modes for components which should be considered by the
analyst would be extremely beneficial. Ultimately, the value of the anal-
ysis remains dependent upon the analyst. FMEA procedures must be tailored
to specific needs and a cookbook approach is not recommended. General guide-
lines with minimum acceptable requirements in the procedure would help pre-
vent an FMEA being performed as an end to itself where form becomes more
inmportant than content.

e. Failure Detection and Isolation : ;

To a large extent the ability of the equipment operator to detect
a malfunction, the ability of the maintenance technician to repair an item
without introducing secondary failures, and the reaction time required to
institute corrective action determine the effects of a given failure mode
on the next higher indenture level. To be effective an analysis must identi-
fy those critical items which give the operator identical indications and
thoge critical items which present similar malfunction symptoms to the
maintenance technician.
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Minimum requirements for considering failure detection and repair need
to be derived for a DOD wide procedure. Generally these requirements should
include:

(1) The indication(s) of failure presented to the operator(s)

or maintenance personnel during use or checkout.

(2) Controls or features of the equipment which eliminate or reduce
failure mode probability and/or the seriousness of the occurrence. In the
FMEA procedures to date, very little emphasis is given to failure detection
and isolation.

Because of the dependency of the FMEA upon maintenance philosophy, a
close relationship must exist between the maintenance analysis and the FMEA.

f. Evaluate Criticality of the Failure Modes

After failure modes and their effects are identified, probabilities
of occurrence must be considered. The most serious failure mode is not :
generally significant if its probability of occurrence is insignificant.

For this reason the c}iticality of a failure mode is usually considered to
reflect both the seriousness of the malfunction and the probability that the
malfunction or undersired event will occur. This relationship permits a
predetermined criticality threshold in order ‘to identify "critical" situaticns.

The design team conducting the analysis is in the best position to
evaluate and rank the seriousness of the malfunction. The analyst has
described the system and developed the reliability models. If the equipment
is electronic, MIL-HDBK-217B can be used to determine the probability of a
malfunction or undesirable event occurring. However, if the equipment is
mechanical, quantitative predictions may not be possible since valid failure
rates for mechanical components are usually not available. In this case a
relative approximation may have to be assigned by the analyst.

It is in the Criticality Analysis (CA) that further differences exist
in methodology among the publications referenced in this report. [ach addres-
ses probabilities of failure mode occurrence; how they are derived and used
will show different approaches. ARP 926 uses generic failure rates specified
by the procuring activity. EIA Bulletin No. 9, being electronics industry-
oriented, quantifies mode frequency through failure rates derived from
MIL-HDBK-217B, Rome Air Development Center (RADC) Reliability Notebook or

3
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uses failure probability levels based on contractor estimated quantitative
failure mode probabilities.

After establishing probabilities of occurrence, the degree of criticali-
ty is addressed. EIA Bulletin No. 9 establishes the extent of degradation of
mission performance ("critical", "major", "minor") along with desired cor-
rective action. MIL-STD-1629 establishes relative values for "Level of
Severity" and "Failure Probability" for each mode. Based upon these, a
criticality matrix is used to provide relative criticality tabulation.

ARP 926 establishes a separate procedure for Criticality Analysis wherein

fhe critical failure modes are identified first. Then a “"Criticality Number"
is calculated for the system components having critical failure modes. The -
Criticality Number ranks the relative impact of all part and assembly failure
modes according to the magnitude of the number.

While it is desirable to have a quantitative ranking of criticality,
the cost of generating such numbers may be greater than the benefits derived
if the equipment is in the early design stages of development. A qualitative

“treatment which simply identifies individual ‘part failure modes in relation

to a specific system failure effect is sufficient where the objective is to
eliminate the occurrence of the particular failure effect.
g. Document the Analysis
For the FMEA to contribute meaningfully to the development process,
conclusions which strongly lead to design improvements or further testing

must be clearly documented. Calculated probabi]ities of a criticality anal-
ysis merely help to quantify and rank failure effects for further analysis,
and the documentation effort is not complete until critical components are
identified and the design is "gebugged". The important contribution of the
documented analysis to the development program is the incrcased awarcness of
the design group of the interaction between factors that contribute to mal-
functions and normal operation. The group can then more effectively correct
any design deficiencies.

Minimum requirements for documenting the analysis need to be devised.
Generally these requirements should include:

e

P




: ( ) (1) System definition

(2) Reliability block diagram

(3) Assumptions and rules established for performing
the FMEA and CA

(4) FMEA and CA worksheets

(5) List of critical items

(6) Conclusions and recommendati ons
Section 4 has addressed procedural considerations in conducting an FMEA.
s It is intended to develop a service-wide military standard on the subject
i which would provide the base for development of a mechanical reliability
| design evaluation guide. Contents of the guide will be structured to in-
clude the FMEA as a design analysis tool and to optimize results of the 14
FMEA as a design input. |

The formulation of mathematical modeling techniques will require de-
velopment effort. Louisiana Tech University is presently determining the
feasibility of using dimensional analysis techniques to aid the designer
in determining critical factors in reliability. The preliminary report is
included as Appendix A. The realistic challenge of a design guide will
g ] require additional supportive analytical research, as well as cooperation
‘ from'agencies, associations and individuals interested in concrete methods
of improving mechanical reliability through guidelines for design analysis.
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ABSTRACT

This report documents a study to determine the feasibility of
applying dimensional analysis to the prediction of mechanical reli-

ability. The study concludes that-dimensional analysis is an essential

tool for thé development of empirical models for mechanical reliability.

As an example, dimensional analysis is applied to the prediction of

mean-time-to failure for involute splines. Advantages of dimensional

analysis are enumerated.
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'( : INTRODUCTICN

In conjunction with research in "Analysis of Mechanical Reli-

Chi i LSRR

g' ! : ability Prediction Techniques" being performed by the Naval Weapons

" Engineering Support-Activity (ESA-11), the ultimate goal of which is

TR

the publication of a mechanical reliability design guide, Louisiana

Tech University has performed studies aimed at improving mechanical reli-

ability estimation and prediction techniques.
The objective of the research on which thi; report is Dased was
" to demonstrate that dimensional analysis is an essential tool for the
development of empirical mathematical models for mechanical reliability.
While dimensional analysis by itself cannot produce a mathematical model,
dimensional analysis reduces ﬁhe quantity of data required and makes the
c—§;5 resdlting model simpler and more general. Dimensional analysis also
\ simplifies the application of regression analysis in the development of
mathematical models for mechanical reliability prediction. Furtﬁermore,
the empirical approach using dimensional analysis does.not require a

theoretical understanding of the inner workings of the phenomenon being

modeled.
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DIMENSIONAL ANALYSIS

Dimeﬁsional analysis has been used extensively in the fields of
convection heat transfer and flujd mechanics to reduce the quantity of
experimental data and theoretical knowledge required for the develop-
ment of empirical mathematical models. Applications of dimensional
analysis may be found in almost every text on these subjects. References
(1)* and (2) are examples of such texts. The application of dimension-
less groupings of variables produced by application of dimensional
analysis is used universally in developing empirical mathematical models
(mathematical models based &irect]y on experimental data rather than
theory) in these fields. Dimensionless groupings of variables such as
the Reynolds Number, Prandtl Number, friction factor, Mach Number and
Nusselt Number are familiar to all who work in these areas.

Dimensional analysis has also been applied to electrical circuits
(3, 4, 5, 6), electromagnetics (4, 7), electronics (4), mechanic; 134,
7, 8), stress analysis (3, 4, 5, 7), celestial mechanics (8), geology
(4), thermodynamics (3, 4, 7), radiation heat transfer (4, 5), and con-
duction heat transfer (3, 7).

Although the reduction in experiment;l data required and the elim-
ination of the need for detailed theoretical knowledge of the inner
mechanisms of the phenomenon are exactly what is needed for mechanical

reliability, workers in the field of mechanical reliability scem to be

*Numbers in parentheses refer to an entry in the List of References.




. unaware of the tremendous potential of dimensional analysis. The only
‘(’—\\ application of dimensional analysis to mechanical reliability that has
3 been found thus far is incomplete and was not used to exploit the advan-
tages of the method at all (9). Reference (10) cite; ds a guideline
for parametek selection in using regression analysis to predict reli-
ability of mechanical equipments, "meaningful parameter combinations
will be made so that the number of parameters can be reduced with little
or no information loss." No significant actual use of "parameter combi-

f nations" is reported in reference (10), however.

" Principles of Dimensional Analysis

Dimensional analysis is a tool that can be used along with data
to develop an empirical mathematical model of a physical phenomenon.
The use of dimensional analysis is based on ". . . the single premise
€!!;§ that the phenomenon can be described by a dimensionally correct equation

among certain variables." (7) It is important to note that we do not
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have to be able to write the equation at the outset in order to épp]y
dimensional analysis. Indeed, if we were able to write the equation
(mathemétical model), we would not need to employ dimensional analysis.
- We merely need the assurance that the physjcal phenomenon could.be

expressed by an equation. One of the main advantages of dimensional

A analysis is the fact that dimensional analysis does not require that

o we have a knowledge of the iqner mechanisms of a physical phenomenon.
{1_ !; In order to a|;ply dimensiona) mml_.vsis. we do need Lo know enough
,i_;% ;bout the physical phenomenon to identify all the variables that affect
%Aég 3 the phenomenon. If a variable that affects the pﬁenomenon is omitted,
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the.resu1ting dimensionless variables obviously cannot be used to accu-
rately model the phenomenon. Once the pertinent variabies are selected,
dimensional analysis is used to group thevariables into dimensionless

combinations of these variables. Thus, dimensional anaiysis reduces the

number of variables that describes a physical phenomenon.

Dimensions and Units

Before proceeding further, the difference between units and dimen-

sions must be made clear. Depending on which system of dimensions is

_ used, the dimension of a physical variable may be expressed in terms of

mass [M]*,length{L],.time [T] and temperature [0] (mass system); force
(F1, length [L], time [T] and temperature [0](force system), etc. It
can be~shown that the different systems are equivalent. In this report,
the mass system (sometimes called the MLTO system) will be used exclusively.
A physical variable has but one set of dihensions; however, its magnitudes
may be expressed in a number of different un{ts. For example, the dia-
meter of a cylinder has the dimension length (L], but the numeriéal value
of the diameter may be expressed in a number of different units such as
millimeters, centimeters, inches, feet, etc. Likewise, shear stress has
the dimension (ML™'T"2] but its numerical values may be expressed in
pounds per équare inch, pounds per square foot, newtons per square milli-
meter, etc.

Dimensional analysis (a) predicts the numhcr.or independent dimen-
sionless groups that can be formed from d group of physical variables

and (b) provides a systematic means of forming the groups. Dimensional

*The symbols for basic dimensions are enclosed in brackets.




- analysis does not provide the funclional relationship between the dimen-
(’-\\ sionless variables (mathematical model)--this relationship must be
determined by some other means, usually from experimental data. If
experimental or other numerical data is available, régressibn analysis

can be employed to determine an equation relating the dimensionless

variables.

Advantages of Dimensional Analysis

The important advantages of dimensional analysis are summarized

~as follows:’
1. The number of variables required to describe a physical phe-
nomenon is reduced. The number of dimensionless variables is given by

Van Driest (11) as:

. The number of dimensionless products in a complete

(f"\  set is equal to the total number of variables minus
the maximum number of these variables that will not
form a dimensionless product.

A rule that is equivalent and easier to apply is given by Langhaar (7):

The number of dimensionless products in a complete set
is equal to the total number of variables minus the
rank of their dimensional matrix.

In most instances, the ."maximum number of these variables that will
not form a dimensionless product” or Lhe."rank of their dimensional matrix"
is just the number of primary dimensions required to express the dimen-
sional formulas of the variables involved. For example, if a physical

phenomenon is described by 7 variables and the dimensional formulas of
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( Y [L], and [T], then the physical phenomenon will be described by 7-3 = 4 3

these variables can be expressed using the 3 primary dimensions [M],

dimensionless variables.

Corollary advantages‘resuIting from the reductiop'in the number
of variables are:

a. Data requirements are greatly reduced.

b. The fitting of equations to data is facilitated.

c. The resulting mathematical models are easier to use and to

present.

To illustrate these advantages, consider again a physical phenome- :
non that is described by 7 variables. Ve wish to establish a relation-
ship (model) that predicts the dependent variable in terms of the 6
independent variables. If we use experimental data to determine the

relationship by obtaining experimentally a value for the dependent :

variable for 5 values of each of the independent variables, then 5° =
15,625 data points are required. If the re§u1ts are presented in
graphical form, with each chart representing the dependent variable as
a function of 2 independent variables, the remaining 4 independent vari-
ables being constant for that particular chart, then an unwieldy 5% = 625
charts are required. If the relationship is expressed in equation form,
then an equation containing 6 independent variables must be fitted to the
data. The latter is a formidgb]e fask since the relations are most often
ngq-linear and many hiffcrcnt variable transformations must be tried for
each variable in order to obtain an equation that fits the data well.

If dimensional analysis is used to reduce the number of variables

from 7 to 4 and experimental data is taken for 5 values of each of the




2 3 independent variables, then only 5 = 125 data points are’required.
! (’—\\ In this case data requirements are reduced by over 99 percent through
; the use of dimensional anslysis! Additionally, the results can be |
presented graphically by a set of é charts rather than 625. If an
equation is to be fitted to the data, the equation_wou\d contain only
3 independent variables; consequently, the equation would be easier to
obtain and simpler to use than an equation containing 6 independent

variables.

i 2. A knowledge of the inner mechanism of the phenomenon is not

- required.

3. The model that results from the utilization of dimensionless

groupings is very general in nature. For example, a particular value

; of a dimensionless grouping of 4 variables may result from any one of
ﬁ an infinite number: of combinations of values of the 4 variables. This . ]

characteristic of dimensional analysis will be discussed in a subsequent

example.
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i : 4. The value of a dimensionless grouping of variables can be varied 1
] in an experiment by varying the value of only one of the variab!es. The ]
experiment can therefore be planned so thaé the value of the dimensionless»
grouping is controlled by varying the variable that is most easily and 1

economically controlled.

5. Dimensionless groupings can be interpreted physically, thus |

adding to. the understanding of the phenomenon.
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Characterlstics of Dimensional Analysis

Some important characteristics of d1mcn510na1 analysis may be

summarized as -follows:

1. In order to successfully apply dimensional'analysis, the

phenomenon must be understood well enough so that all the variables

that affect the phenomenon are identified.
2. Al variables must be quantifiable.

3. Dimensional analysis by itself does not provide a model of

~ the phenomenon. Information concerning the relafionship between the

variables, most often in the form of experimental data, is required.

4. Dimensional analysis does not explain the inner mechanism of

a phenomenon.

5. The more we know about the phenomenon the easier the d1men-

smonal analysis and curve flttlng procedures,




APPLICATION OF DIMENSIONAL ANALYSIS TO A TYPICAL
CASE: SPLINE RELIABILITY PREDICTION

The use of dimensionless ratios as a tool in mechanical reli-

“ability has potential for a wide range of components and systems. For
illustration purposes a single component with simplified assumptions
: will be used in the following paragraphs. The class of mechanical
equipment which fails mainly due to wear in constant rotation has a
" large number of variables suitable for dimensionless grouping and a
method suitable for one component could be expected to be similar to a
method suitable for another.component. Components in this class include
gears, cams, splines, sprockets, bearings, seals, impellers, rollers,
casters and tires.
Since splineé are of special interest‘in mechanical reliability

studies by the Navy at the present time they were chosen as an example

to illustrate the method of dimensionless ratios, Splines may bé classi-
fied as fixed or working, with tooth types of different geometries (such
as full depth involute, half depth involute, circular, etc.) and possible
failure modes include fatigue, shear failure, and fretting corrosion as

well as the primary failure mode--wear,

Forming_the Dimensionless Groups,
A listing of the more common 1ndependent factors affecting the
wear life of splines with a specified type of teeth includes: length,

diameter, torque, speed, tooth hardness, and misalignment. Other factors
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TTTTTTsuUCn as contact area, bearing stress, and horsepower transmitted are
(’—T\ dependent upon the above factors and are not included as variables.
; In order to be expressible in equation form, a variable must
be quantifiable. The present state of knowledge for splines does
not permit the effect of lubrication on reliability to be quantified.
Similarly, shock loading effects and tooth type have not been quanti-
fied. It should be noted that shock loading effects can be quantified;
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however, much experimental work would be required and a better solution
would be to have a separate mathematical model for each application
(general type of shock effect). In addition, the best approach is a

; separate mathematical model for eaéh type of non-quantifiable parameter,
i.e., a different model for each type of lubrication and tooth type.

Adding'a dependent variable, mean-time-to failure, to the list of

six independent variables gives seven variables. A letter symbol will be

H used for each as follows:

t -- Torque, inch-pounds

N -- Speed, revolutions per minute

P
(]
]

Spline length, inches

o
[}
!

Spline diameter, inches

Tooth hardness (Brinell hardness, with unlts of
kilograms per square mllllmeter)

R
[
!

Misalignment angle, radians

-
[}
[}

Mean time to failure, hours

Using the pi theorem (See Appendix A) the seven variables are put

into four dimensionless groups as follows:

v
s
_
=
-
=
-
| -
-s

t
cCcio
-

Q

“ o,
AT

-

4

Ty




Brinell hardness is used because it has a specific set of units;

( \ lf.other'values. such as Rockwell C are used, they must be converted to

Brinell.
To simplify the frequent use of these four parameters throughout

the example to follow, two new symbols are to be used, namely 9 and ¢.

0 = 60FN and may be considered as the life of the
spline in total revolutions.
3
¢ = lﬂg%gg- and may be considered as a "strength-to-

load" ratio; with higher numbers indicating
longer life for a given 2/D ratio and misa-
lingment, a.

The 2/D rdtio is large for long slender spiines and small for short
stubby splines. In this case the diameter wés taken to be‘the pitch
diameter.

Sinée F is in hours and N is in revélutions per minute, the con-
stant 60 minutes per hour is included to make 0 dimensionless. Similarly
1422 is included in ¢ to make the units of Bfinell hardness campatible
with the units of D and t. A |

The procedure now is to find the relationship that exists among
the four variables from some existing theory or data. Although any
one of the four variables may be used as the explicit variable, we will

choose 0 as the most desirable. That is,
0= f(¢, 2/0,a). (1)

Data
In order to find the unknown function in the above equation some

spline test data was sought that included all the parameters. Some

test data was available, such as from Southwest Research Institute (12),




but the values of N, ¢, D, and t were the same for all the runs. An
involute spline design procedure outlined by Raymond J. Drago (13)
includes all the needed variables in chart form to establish the above
functional relationship. It was decided to use this procedure since
results would be more complete. A copy of tﬁis procedure from Machine
Design, February 12, 1976, is included as Appendix B.

Table 1 in Appendix C was constructed by choosing several dif-
ferent values of L wihile holding all other variables’constant to give
different 2/D values. The second half of the table is constructed to
give different values of ¢ while holding all other variables constant..

Table 2 in Appendix C is a more complete set of data for full
depth involute splines taken from the Drago charts.

The quantities in Tables 1 and 2 such as J (geometry factor),

Te (torque factor), Bg (bearing stress, and KL (1ife factor) are
explained in Appendix B. Also the numerical values of a in both tables
were obtained by taking the mid-range value from those given in Appen-

dix B for light, moderate, and heavy misalignment.

Establishing the Relationship Among the Dimensionless Variables

Graphical. The curves shown in Figures 1 and 2 show how @ varies
with ¢ and 2/D. When the two curves are compared it is noted thSt they .
are similar if not identical. This implies that the two variables,
£/D and ¢, may be combined into a single dimensionless variable to reduce
the number of variables to 3 if so desired. This provides an extra
measure of flexibility in using the dimensicniess variables. Reduction
to 3 variables reducec still further the amount of test data needed to

establish a mathematical life model for a new type of spline; but keeping
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Q/b as a separale variable gives the designer a special flexibility
factor for selecting spline geometry for maximum life. :

Figure 3 is a set of curves of log 6 vs. log (%%) for different
values of a. This represents the relationship among the variables
in graphical form. The physical significance of %% is that it
represents a ratio of tooth hardness to bearing pressure for the par-

ticular spline and its application.

Regression Analysis. Regression analysis was used to determine

. the exact functional relationship for 6 as a function of 2/D, ¢, and

a using the 33 "data" points previously discussed. Several linear
regression models were investigated.
The first approach used a stepwise regression technique to pre-

dict 0 with the variables /D, ¢, a, their squares, and tbeir cross

'products. In stepwise regression, variables are added to the model

one at a time until no further improvement can be found. The variable
with the highest correlation with the dependent variable is added first.
Other variables are chosen on the basis of their ability to produce a
significant F statistic. The F statistic is indicative of the predictive
power of the model being tested. It also reflects the goodness.of the
fit. The higher the F value, the better the model describes the data.
The term significant means that the F value being examined has a very
small probability (<.05) of occurring by chance.

The stepwise regression procedure yielded a model of the form

2 2

0 = a0 + a] a + “2 az. For this model R® = .26. R® indicates the

proportion of the variability in 0 explained (or accounted for) by the
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current regression model. Since 74% of the variance in 0 was unex-
p]ained'by the above model, it was deemed unsatisfactory and another
approach was initiated.

Figure 3, a plot of Tog @ vs. Tog (2/D - ¢) for each of the
three values of a indicated a strong linear reiationship. A regres-
sion model of the form log ¢ = ag + ay log (2/D - ¢)'offered support

for this notion as R? = 2

2=

.81 for the case o = .0005, R® = .82 for

a = .0060 and R .93 for o = .0025.

A single model including the contribution of a was then investi-

gated. This model was

log 6 = -9.15 + 4.56 log (2/D - ¢) - 2.36 log a.

2

The resulting R™ value was .89. Several other models were investigated,

2

but each of the other models had an R® less than 89%. The above model

was chosen as the best predictor of log 6 since it explains 89% of the
variance in log 0.
Taking the antilog of both sides of this model, we have .
o =7.08 X 107'0 (/D . ¢)4%6 o-2.36 (2)

This equation was used to generate 33 predicted values of 6 and '
comparisons were made with the actual data points. Figure 4 shows a
comparison of the values of 0 predicted by equation (2) vs. the actual
data point values of 0 for the 33 data points. Figure 4 along with
the value of R% = 89% demonstrates that MTTF for this spline case can be
predicted by developing a mathematical model using dimensionless groupings.

; It should be pointed out that some of the scatter in the “data" is
due to the fact that each value of 0 is a result of reading values from

4 charts in sequehce so that there can be considerable accumulation of
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error due to reading of the charts. This scatter is not considered

‘detrimental to the present study since any actual expcrjmental data

would exhibit scatter due to experimental error, variation in material
properties, etc. Another point of note is the fact that the Drago
method represents a very elementary mathematical model and predicted
values may differ considerably from actual experimental values; there-
fore, the mathematical model obtained using dimensional analysis and
regression analysis will predict MTTF with an accuracy that is no

better than the accuracy of the data on which it is based, (i.e., the

| Drago method).




CONCLUSIONS

The preceding examhle demonstrates that dimensional analysis is
an jmportant tool for use in the prediction of mechanical reliabilitj and
should be implemented in all future test programs. Through the use of
dimensionless groupings of variables, a predicting equation for mean
time to failure as a function of / independent variables was fitted to

33 "data" points. The primary advantages of the use of dimensional

analysis are:

1. The number of variables in the problem is reduced, thus
reducing data requirements and simplifying the application of regres-

sion analysis.

2. Dimensional analysis can be very useful in planning experi-
mental work to get maximum information from a minimum amount ofvraw
data since only the magnitude of each dimensionless group needs fo
have a range of values and every individual variable does not need to
be changed. Also, the most important or most influential variables may
be isolated easier when the variables are in dimensionless groubs. By
performing a dimensional analysis before an experiment is planned, the
testing can be done more economically. Since one dimensionless group
can be varied by varying only one of the variables in the group, the
experimenter can choose to control or vary the dimensionless group by
v;rying or controlling the variables that are most easily varied or

controlled.
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3. A mathematical model written in the form of dimensionless
(f G, groubs of variables for a specific design or type of item can be more
' readily adapted to a new design of the item. For example, it is likely

. that a correlation for involute splines could be revised for circular

splines in an easier manner if the correlation.is in the form of dimen-
¢

sionless groups of variables.

TR

In addition, the use of dimensional analysis allows prediction of
reliability for certain operating conditions for which data is unavail-

i able. For example, suppose in the process of designing a spline that is

~ to operate at a speed of 4000 rpm, we find that the data is available

i | only for a speed of 2000 rpm. If a predicting equation in dimensionless
: form is fitted to the 2000 rpm data, then, in the absence of 4000 rpm

data, the predicting equation can be used to predict reliability of

€'-\’ splines at 4000 rpi.

b




RECOMMENDATIONS FOR FUTURE WORK

1. There are strong indications that dimensional analysis could

be used in deve]opinQ improved methods of accelerated testing. Further

work should be done to determine the feasibility of using dimensionless

variables to relate the results of accelerated testing to actual use

conditions.

2. The applicability of dimensional analysis to the prediction

"~ of the reliability of variety of mechanical components should be investi-

.gated. Such an investigation would include further work on the prediction

of reliability for splines as well as devices such as gears, pumps, etc.

It is expected that such an investigation would provide input for plan-

ning and analysis of current and future mechanical reliability test

programs.

.
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APPENDIX A

Determination of Dimensionless Variables

for Spline Example

B o o b 1A

’

We wish to form a complete set of dimensionless variables for
'fhe case of full-depth involute splines as discussed in the section

Forming the Dimensionless Groups. The method outlined in Reference (7)

1 ; ) A :
will be used. The pertinent variables along with their dimensions

i are:

Variable Symbol . Dimension
Mean Time to Failure F (]
Speed N (']
§ Torque t (ML2T"2]
? | .t';EN Length L (L]
% j . ; Diameter -0 [L]“
' Hardness B [(ML7T72)
Angular Misalignment o Dimensionless

Since the misalignment is already dimensionless, we will deal with the

first 6 variables only. Any dimensionless ‘grouping of these 6 variables

will be of the form:

= 2P ¢ o9 pC pf

where If represents a dimensionless group .(sometimes called a “pi-term").
The values of the exponents a, b, ¢, etc., will be determined such that :
we have a complete set of dimensionless variables formed from the 6

i ‘ggqx‘ variables. The dimension equation for Il is




o

1

3.»&("’1- i

s S 3
i
b

L3

OB T iy
‘
I JSRTE T

by

[M1® [L° 70 = (7% [77'2° (e 77206 ()¢ [)® ot vt

-

The above equation may also be written as

[MJ° [L]® [T]° = [M]C+f [L]2c+d*e-f [T]a-b-ZC-Zf;
therefore, we can write the following 3 equations:

ctf = 0
2ctdte-f = 0
a-b-2c-2f = 0

. The matrix of the coefficients of the 6 unknown in the above equation is:

The rank of the above matrix is 3; therefore, the number of pi-terms to
be formed from the 6 variables is 6 - 3 = 3.

Noting that we have 3 equations and 6 unknowns, we must choose
valbes for 3 of thé unknowns and solve for the remaining 3 in deter-
mining each pi-term. For the first pi-term, we choose a = 1 (This insures

that F will appear in i), ¢ =d = 0. The.3 simultaneous equations now

become:
f=0

e-f =0
1-b-2f

"
o

The solution of this set of equations yields f = 0, e = 0, b = 1 so that




- We want the dependent variable, F, to appear in one pi-term only;

. the solution of which is f =0, b=20, e

. yielding
fly = FO N? ¢t} g0 p? p!?
3

H, = FY N' t° 2° DO pg°
Iy = FN s : H

therefore, in determining Il,, we let a = 0. We also. Tet ¢ = 0,d=1.

The set of equations becomes:

f=0

’
1l+e-f=0
b-2f =0,

-1. - Therefore,

"

M, = F* N° t° ¢! D! B°

I, = /D

Finally, let a =d = 0, f =1 so that the set of equations becomes

c+1=0
2c+e-1=0
-b-2c-2=0

The above set of equations has the soluiion c=-1,e=3,b=0,

These 3 pi-terms along with a which is already dimensionless are a com-

plete set of 4 dimensionless variables formed from the variables pertinent

to the spline case:
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N, = FN
("V“\' 2 = 2/D
"3 B e

“g‘(!

The above dimensionless variables form a complete set because
<«ach dimensionless variable in the set is independent of the others in
the sense that no dimensionless variable in the set is a product of

| .powers of the other dimensionless variable. Although innumerable other
; dimensionless variables can be formed, any other dimensionless variable
is a product of powers of the dimensionless variables in the set.
Obviously, there is an infinite number of complete sets of dimen-
sionless variables other than the set developed above. Selection of
the best complete sét depends on the way in which the model is to be
stg-\§ used and the experience of the engineer. Any knowledge available con-

cerning the phenomenon enhances the ability of the engineer to select

i diaibi o te

the best complete set.
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Much work has béen done to standardize
spline geometries, but little has been
done to standardize load-capacity
ratings. Thus, spline performance is
difficult to predict with conventional
design procedures. Now, with a new set
of charts, service life can be
determined quickly.

RAYMOND J. DRAGO
Senior Engincer
Bocing Vertol Co.
Philadelphia, Pa.

INVOLUTE SPLINES connect rotating parts in applica-

o tions as diverse as helicopter rotors and machine-

Pl

tool gearboxes. Bul too often, each application uses
its own special design. There is very li hlllc literature
_on_how to_determine lhc mlmdmmm.nluhly of a
spline among (Ilch[rn_l__op. x._xlln;v_umdnmns

As a result, a new spline application must be
analyzed in depth to determine how long a particu-
lar design will last or, conversely, which design best
fits the functional requirements. Now, with a newly
dmclopcd set_of design charts, a .phnc c:fn I)c
checked quic My m detcrmine its life under spClelC
o]TEralm;, cund:tmns Or, the performance require-
ments can be used to find a spline design that will
THast Trrlhe desired hife.

The ch.xrls arc_hased on cquations common to
the industries that use involute splines. They n‘prc-
“sent "average” operating conditions, and (hoy apply
to almost any spline application,

‘The prime factors to consider in spline design are
the compressive  (sutface bearing)  stress S.oand
the shear (1looth) stress S,. The cquations for these
stresses are

S, - (21/D) (\/NLID (K )

< S, K, /KK,

S, = (21/D) (1/DNLY) (K,,)
.; sl |K' /’(0

v

! These equations (with N, H, and t converted to
functions of diameteal pitch) are the basis for the
design charts presented here. ‘The only approxima-
tion involved in the charts is i the use of “nom-
inal” tooth thickness in the shear stress equation.

"y
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APPENDIX B

Rating the Load Capacity of

For most designs, this approximation introduces a
maximum error of less than 5%

Before getling into a discussion of hQw to use
the charts, it is important to understand how
splines work, how they fail, and how various
processes help prolang life. ‘This understanding

makes the load factors (K, and K,) casier to.

cstimate.
Types of Spline Joints

Generally, spline joints fall into two categorics:

fixed :md workmg In a wmﬁ'u;v joint, the ma(uu,'

But in a fixed joint, both cmls of the splmc are
clamped ‘and piloted to prevent relative motion, In

addition, many intermediate (semiworking or semi-

fixed) spline joints are possible. For example, a
spline with loose pilots at each end or with O-rings
to retain, a grease pack, while not fully fixed, can-
not be considered fully working cither because
relative motion is restricted to some degree.

A working spline generally joins two inde-
pendently supported shafts that may also be slight-
ly ofisct axially (from tolerance buildups). ‘This t:pe
of splinc accommodates the offsct easily without
excessive loss in basic load capacity. Fixed splines
may also join independently supported shafts, but
the shafts must be abigned more accurately. Most
frequeiitly, however, fixed splines mount precision
gears to shafts, particularly in high-load, high-speed,
lightweight applications.

Usually, the surface load capacity of a fixed

spline is considerably higher than that of a working.

spline. In a weiking spline, relative motion between
n;.'liinj: surfaces induces a high wear rate, even at
relatively low bearing stresses, But in a fixed joint,
restricted motion 1esalts ina low wear tate, making
surface fatigue the primary failure mode,

Spline Failure Modes

Spline joints “fail” in any number of different
ways, but many failure modes (such as fretting cor-
rosion) cannot be analyzed directly. Fortunately,
physical failures can be analyzed, and they are
generally divided into four classes. Two classes,
shaft shear (torsional shear failure of the shaft
section under the spline teeth) and bursting of an
internal spline (from radial and centrifugal loads),

Nacierr Neews:
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Involute Splines

are primarily shaft related and are not treated
here because they do not occur often,

The other_two tooth-related failure modes are
nnuh more cummun

_or surface fatigue). In the shear mudc, a spline
” immedi: ately ceases to transmit power, while in the
wear maode it degrades gradually before complete
failure. Wear failure can only be detected during
periodic inspection.

Surface distress is by far the most common fail-
ure mode encountered in spline joints. This failure
may take the form of wear (material removed from
mating surfaces) or spalling of mating surfaces
from fatiguc. Frequently, over a long period of time,
these two types of failure combine, with fatigue
resulting from a worn surface. On the other hand,
depending on spline configuration, the joint may
“wear-in" to remove a potential failure zone. Here,
highly loaded local arcas caused by high spots,
slight misalignment, or toeoth index errors may
wear to relieve the load and distribute it over a
larger area, thus prolonging life.

One of the most significant factors causing wear
in a spline joint is misalignment, which causes high
bearing stresses at the contact points. Normally,
with a well aligned shaft, wear can he prevented

by lengthening a Spllnc to reduce bearing stress,

thus lowering wear rate. However, if wear is caused
by excessive misalignment, lengthening the spline
is not likely to reduce wear rate. Better solutions
are to reduce length and increase diameter, or per-
haps crown the teeth of the external member. Of

course, the best solution is to eliminate misalign-"

ment altopether; however, this fix may not be prac-
tical from a desipgn standpoint  (the misalipnment
may be the very reason why the spline is used).
Generally, though, it substantial meatipnment is
inhetent in the application, a crowned spline, a
large-diameter short-lenpth sphine, or a more com-
plicated coupling should be custom designed for
the application,

One way to overcome slight misalignment (par-
ticularly in high speed, high-load, precision gear-
boxes) uses a “quill’’ shaft between the driving and
driven shafts, BRasically, a quill shaft is an extra
shaft, splined at both ends, that floats between
the other two shafts. ‘This free-floating capability
allows the quill shaft to self-align to some degree

February 12, 1976

These modes are tooth shear
(’\f.lu:\l she.umg off of a tooth projection from the
sﬁah) and surface distress of the leeth (from wear

“pecially in high-speed,

Working Spline

In a working spline joint, the mating parts are
free to move relative to each other. This type
of spline usually connects two independently sup-
ported shafts that also may be slightly offset
axially. It accommodates the offset with httle
loss in load bearing capacity. Wear is the pre-
dominant failure mode.\

Fixed Spline

A fixed spline joint restricts relative motion be-
tween mating parts. This type of spline usually
mounts precision gears to shafts in high-load, high-
speed, lightweipht applications.  Wear combined
with surface fatigue is the primary failure mode.

to accommodate the mismalch between the driving
and driven members. But qumll shafts are difficult
to lubricate and position. And, if misalipnment is
large, a significant bending moment may be applied
to the quill shaft, so it hehaves somewhat Like a
rotating fatipue-test specimen. Crowned teeth add
to the misalgnment capahility of a quill shaft, es-
high-load applications
arrcraft.

Shear failure, as a pnimary modc is relatvely
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rare in most spline applications. ‘1 his failure veually
occurs as a secoidary made alter the teeth have
worn excessively thin or as a result of severe over:
foad or impact loading. However, shear con be a
primary made in a spline joint subjected to severe
impact loading throupghout its life. In this case,
shear analysis should be emphasized because the
spline may fail in shear before it has a chance to
wear in. Therefore, even thouph shear may not be
a determining factor in the design of a spline joint,
shear stresses should always be checked as a matter
of course.

“high tecth on a full.depth spline are somewhat more

f-"ull-Depth vs. Half-Depth Teeth

Roth full and half depth splines can be analyzed with
these charts.  Most splines in use are hall-depth be-
cause they have a number of advantapes over full-depth
splines.  First, because toath height generally determines
the amount of backup material required behind the
teeth, the half.depth spline provides a more compact,
and often lighter, overall desipn.  Second, the relatively

sensitive to misalipnment. In addition to these opera-
tinnal considerations, several manufacturing methods,
such as broaching or roll forming, are easier to perform
on the smaller hall-depth spline tecth.

In spite of these cansiderations, full-depth splines have
ahout double the surface (bearing) load capacity of
cquivalent haif-depth splines.  In applications where
this increased capacity is necded, it Is worth the effort
to overcome the inherent disadvantages of the full-
depth design. A typical application for full-depth splincs
is on the rotor shafts of some large helicopters; joints
that are gencrally fixed so that other variables can be
controlled.  Another application is in high-speed, “gear’
couplinps that use full-depth (often crowned) teeth to
connect rotating shafts.

The standard pressure angle for half-depth splines is
30°. The pressure angle of full-depth splines cammonly
is 20°, however, it sometimes must he varied according
to the parlicular design to aveid pointed teeth. The
drawing shows the difierences in tooth size and bearing
area between full and hall-depth splines.  The addendum
of a full-depth spline equals 1/0d, while that of a half-
depth spline equals 1/Ps, where Pd -~ diametral pitch
(ratio of number of teeth to pitch diameter) and Ps =
“stub™ pitch (2Pd). The pitch of a spline commonly is
given as a ratlo (16/32, 20/40, and so on) with the nu-
merator bheing the diametral pitch and the denominator
being the stub pitch.

Full-Depth
Spline Tooth
(20" Prossura Anqlw)\

Hall-Depth

_ Spline Tooth
(30" Prossura Angle)
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Coalings und Surluce Treatment

Wear is often caused by poor lubrication. Some-
times, despite the most elaborate lubrication sys-
tem, the only way to prevent wear is to apply a
coating or surface treatment,

The most common coatinps are soft ones like
black oxide, phosphate, nylon, silver, and copper,
and various hard coatings such as flame or plasma-
sprayed malerials. The solt coatings aid initial
wear-in and also lubricate the surface with a pliant
film during operation. The hard coatings approach
the wear problem from the opposite end of the
spectrum; that is, they produce a surface that re-
sists wear by virtue of extreme hardness.

If the surface bearing stresses are low (lcss than
3.000 psi), a nylon_coating.is often the .best. way
to prevent wear.and.damp the spline joint, The coat-
ing, a few thousandths of an inch thick, is applied
to the entire spline surface (penerally on the cx-
ternal member), Usually, to allow room for the
thickness of the nylon and still provide proper fit,
the cut size of the spline must be reduced. The
other coatings are thin enough (on the order of
a few thousandths of an inch) so that no modifica-
tion is rcquired.

Other alternatives to improve spline load capacity
include case hardening processes such as carbu-
rizing and nitriding, These processes pencrally pro-
duce a very hard (R, 58 o 64) wear resistant
surface. Unfortunately, they also increase the cost
of the parts because special operations are needed
to control or correct heat trcatment distortions.

EXAMPLES

Problem 1: Conslder a fixed, half-depth spline trans-
mitting torque T == 1,000 lb-in. and operating under light
shock and misalignment (less than 0001 In./in). The
spline is made of AISI 9310 casc carburized steel with
a surface hardness of R, 60 to 64. Dimensions are L =
0.30 in. and D = 0.75 in. Find the bearing and shear
stresses and the projected life,

1. On Chart ), at L = 0.30 in. and D = 0.75 in., find
J =95,

2. On Chart 2 (half-depth bearing stress plots, Hght
misalignment), at J == 9.5, find K = 0.5 for bearing
stiess,

3 On Chart 2 (sheap steess plote, light micalignment),
at J = 95, lind K~ 6.0 {or shear stress.

4. Calculate S,, = (1000) (9.5) = 9.500 psi.

5. Calculate S, = (1000) (6.0) = 6,000 psi.

6. On Chart 3A, lor S, "1 0500 pst, K, = 1.0 (light
shock), and R, 60 carburized steel, find bearing
stress life factor K, =2 1.30.

7. On Chart 3B, for S, == 6,000 psl, K, == 1.0, and
R, 60 carhurized steel, find shear stress life factor
K, == 0,124,

8. On Chart 4, ot K, == 1.30 for a fixed <pline, find
‘hearing stress life == 7.4 X 10? revolutions.

9. On Chart 4 again, at K, = 0.125, find shear stress
life = o,

10. Probable life is 7.4 X 10° revolutions.

r

i




Atnough surface-hardened parts have a-hiph wear
life, they may petform poorly if not made accurate-
ly. ‘These parts do not “wear-in" very well and may
destroy themselves if each tooth does not carry
its share of the load. On smaller splines, lapping
is an inexpensive and often effective way to finish
hardened surfaces. This process improves the finish
and corrects minor errors at considerably lower
cost than grinding.

Lubrication

Because splines are often outside an enclosure,
a pressurized oil system may not be available to
lubricate the joint. Therefore, grease is a common
spline lubricant. Generally, the spline joint is
packed full of grease and a retention method de-
vised so that the grease does not centrifuge out
of the joint,

One drawback to grease lubrication is that wear
particles are trapped in the grease. After a time,
the mixture becomes abrasive and may accelerate

~ wear. For this reason, grease lubricated working

.

splines should be regreased periodically, and the
old grease (and wear particles) purged rather than
merely replenished. One exception to this rule is
the case of a fully locked or fixed spline. If relative
motion is severely restricted, the initial grease
pack may last for hundreds or even thousands
of hours.

If the spline is internal and the gearbox is oil
lubricated, the joint may be lubricated by oil splash
or direct oil jet. In either case, the oil flow hoth

TEEXT

lubricates and removes wear particles, thus reduce
ing wear, x

Another mcethod of lubrication that hias heen
used with some success directs oil down the center
of a hollow shaft to radial holes in the spline. The
oil flows by centrifugal force through the spline
and out throuph external mctering holes, The holes
should be large enough to prevent clogging yet
small enough to “flood” the tooth areca. This method
is an effective means of cooling and lubricating
the joint il flushing out sludge.

Coatings and lubricants generally work in con-
cert. For example, black oxide enhances the oil

eretontion or oiliness of spline tecth, and silver

plate acts like an cxtreme pressure film during
break-in and operation. In some cases, however,
lubrication is superfluous, as with some forms of
nylon coatings (these coatings operate best when
unlubricated) .

Rating Spline Load and Life

With this basic understanding of the factors that
affect spline life, the use of the design charts for
rating load and life will be more clear. The charts
can he used in cither of two cases. First, if spline
material, peomelry, and operating conditions are.
known, the load capacity and potential life of the_
joint can be determined. “Second, if _the _desired
life, loading conditions, and material are known, _
the geometry can be found.

“Mwo_factors_must_be_ determined _before the _

Sphire Pitzx Duam 2 (in)
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analysis can bepin: the load distribution factor K,
“and The overload factor K,. K,, is a function of the
Tmisalipnment present in the joint. Since misalipn-

ment can have a significant effect on the load

capacity, care should he taken to choose as realistic

a value as possible for K,,. Typically, for light mis-

alignment  (0.000 to 0.001 in./in), K, = 1.0; for

moderate misalignment  (0.001 to 0.004 in./in),

K, = 2.0; and for heavy misalignment (0.004 to

0.008 in./in.), K,, == 3.0.

The actual peak load applied to a spline may be
considerably higher than the stcnd)’-statc desipn
load. Factor K, adjusts the load rating to account
for any shock loads on the driven and driving mem-
bers. Typical values for K, are listed in the table
near Chart Q.

R S

. ik o

The procedure when load and life mnst be de-

termined from material and peometry is: A
1. Chart 1: Vind peometry factor J at known

pitch diameter D and length L.

Chart 2: On the proper curve (relating nis-

alipnment, stress, and spline design), find

torque factor K at known J and known (or

estimated) K,,.

Calculate allowable hearlng stress S,, and al-

towable shear stress S, from S - TK,

4. Charts 3A and 3B: Find two life factors K,
at kaown values of S,, and S,, for the given
maferial,

5. Chart 4: At known values of K,, find the
projected spline life. Use lower life as pro-
jection,

2

3.

Problem 2: Consider a spline made of 300 Bhn steel
that must transmit a torque T == 8,000 lb-in. under con-
ditlons of modcrate shock and misalignment. Required
life is 107 revolutions. Determine the spline dimensions
for this application.
1. On Chart 4, at life = 107 revolutions, find K, = 0.3
. for shear stress and K, = 0.9 for hearing stress.
2. On chart 3A, at K, == 0.9, 300 Bhn steel, and K, =
1.5 (moderate shock), find S,, = 1,700 psl.
On Chart 3B, at K, = 0.3, 300 Bhn steel, and K, =
1.5, find S,, = 8,000 psl. .
4. Calculate bearing stress torque factor K = 1700/
8000 == 0.21,
5. Calculate shear stress torque factor K = 8000/8000
= 1.00.

Chart 2 — Torque Factor

8. On chart 2 (half-depth bearlng stress plots, medium
misalignment), at K = 0.21, find J = 0.108 for bear-
ing stress. 2

7. On Chart 2 (shear siress plots, medlum misallgn-
ment, at K = 1.00, find J = 0.80 for shear stress.

8. Since J for hearing stress Is lower than J for shear
stress, bearing stress is the more important factor.
Therefore, any combination of L and D that mee!s
along the J = 0.108 line on Chart | will satisfy the
stress and life requirements. The choice of L and
D should he based on the availahle space, keeping
Ratio L/D as small as practicable.  Tor example,
a 3.6 in. diamcter spline, about 1.0 in. long will
do the Job here.
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For determining peometry from desired life and
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& material, the procedure is: D = Spline pitch diam, in.
’ \ 1. Chart 4: At desired life, find life factor 1K, I =2 Tooth height, in
" 2. Charts 3A and aB: At known K,, find allow- Ky == bilocluctor
able bearing and shear stresses S, and S, . 'f{‘ = :,‘::‘:l,:l:.}"«"::‘:::? sl
B 3. Calculate a torque factor K for both bear- x:: g,,,i,,,:',,,,,,, Civtos
. ingg and shear stress from I - S/T. ] L = Spline lenpth, in,
4. Chart 2: On the relevant curves, at known K N = Number af teeth
and known (or estimated) K., find a geom- 5.7 Bamprossive (orface basring) e, pe
etry factor J for both bhearing and shear stress. s;‘ sz 2,‘,‘: ,“,"1'(':f,,,l,',‘:';":,f,::m:,i', -
§. Chart 1: Use the smaller J frein Step 4 to find s‘." = Allowable shear sms';, psi )
length L and pitch diameter D. T = Torque, Ih-in.
Both pracedures determine the bearing stress and ¢ = Tonth thickness, in.
the shear stress. Generally, bearing stress limits EEEaE
long-term life while shear stress limits the impact
or shock load capacity. (@]
Chart 3A — Bearing Stress Life Factor ;
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